The production of hydrophilic mucilage along the course of seed coat epidermal cell differentiation is a common adaptation in angiosperms. Previous studies have identified COBRA-LIKE 2 (COBL2), a member of the COBRA-LIKE gene family, as a novel component required for crystalline cellulose deposition in seed coat epidermal cells. In recent years, Arabidopsis seed coat epidermal cells (SCEs), also called mucilage secretory cells, have emerged as a powerful model system for the study of plant cell wall components biosynthesis, secretion, assembly and de muro modification. Despite accumulating data, the molecular mechanism of COBL function remains largely unknown. In the current research, we utilized genetic interactions to study the role of COBL2 as part of the protein network required for seed mucilage production. Using correlative phenotyping of structural and biochemical characteristics, unique features of the cobl2 extruded mucilage are revealed, including: 'unraveled' ray morphology, loss of primary cell wall 'pyramidal' organization, reduced Ruthenium red staining intensity of the adherent mucilage layer, and increased levels of the monosaccharides arabinose and galactose. Examination of the cobl2cesa5 double mutant provides insight into the interface between COBL function and cellulose deposition. Additionally, genetic interactions between cobl2 and fei1fei2 as well as between each of these mutants to mucilage-modified 2 (mum2) suggest that COBL2 functions independently of the FEI-SOS pathway. Altogether, the presented data place COBL2 within the complex protein network required for cell wall deposition in the context of seed mucilage and introduce new methodology expending the seed mucilage phenotyping toolbox.
INTRODUCTION
Proper plant development depends on coordination of cell wall metabolic processes resulting in a highly diversified array of morphological characteristics and mechanical properties. The regulation of cell wall polymer synthesis, secretion, modification and crosslinking within the extracellular matrix allows for the incredible plasticity of plant morphogenesis, generating the specific mechanical properties required by tissue, cell-type, developmental stage and environmental conditions.
The main components of most types of plant cell walls are the polysaccharides cellulose, hemicelluloses, and pectins. Cellulose, the main load-bearing component of the plant cell wall, is composed of multiple b-1,4-linked glucan chains organized into regions with either highly crystalline, or more amorphous microfibril configuration. Cellulose is crosslinked with hemicelluloses, a diverse group of polysaccharides including xylans, xyloglucans, and glucomannans; which interact with cellulose microfibrils through an array of hydrogen bonds (Cosgrove, 2005; Scheller and Ulvskov, 2010; Voiniciuc et al., 2015a,c; Zhang et al., 2017) . This strong framework is embedded in a matrix of pectins, a family of acidic polysaccharides including: homoglacturonan (HG), rhamnogalacturonan I (RGI), and rhamnoglacturonan II (RGII) (Mohnen, 2008; Caffall et al., 2009; Harholt et al., 2010; Peaucelle et al., 2011; Xiao and Anderson, 2016) . The different components of the plant cell wall are assembled in the extracellular matrix, generating a cohesive network composed of polysaccharides and proteins. Along the course of cell expansion, primary cell wall is deposited, dictating the extent and orientation of cell growth. Secondary cell wall is deposited following the completion of cell expansion as part of the process of cell differentiation according to tissue, cell-type and developmental context (Taylor et al., 1999; Brown et al., 2005; Persson et al., 2007; Zhong et al., 2008) . Despite accumulating knowledge about cell wall polymer biosynthesis and secretion, much less is known about the way these components interact, dictating the mechanical properties of the cell wall (Griffiths and North, 2017) .
In recent years, Arabidopsis seed coat epidermal cells (SCEs), also called mucilage secretory cells (MSCs) , have emerged as a powerful model system for the study of plant cell wall components biosynthesis, secretion, assembly and de muro modification (Haughn and Western, 2012; North et al., 2014; Griffiths and North, 2017; Voiniciuc et al., 2015b) . Following fertilization and SCE cell expansion, copious amounts of seed mucilage are produced and secreted from the Golgi to the apoplast, composed mainly of the pectin RGI. In the next phase, massive production of secondary cell wall (containing both cellulose and callose) is induced which results in SCE radial cell wall thickening and filling up of the cytosol leading to the formation of the columella, a secondary cell wall structure. Once this process is complete the SCE cells undergo apoptosis and the seed desiccates (Western et al., 2000; Haughn and Chaudhury, 2005) .
Hydration of the mature seed, induces rapid mucilage expansion rupturing the tangential SCE walls and surrounding the seed with a gelatinous mucilage capsule. The extruded mucilage is organized in two distinct domains: an adherent mucilage layer tightly attached to the seed surface; and a non-adherent, highly soluble layer which dissociates from the seed with every gentle shake. Although pectin makes up the majority of the seed mucilage, minor components such as cellulose and hemicellulose are also present playing essential roles in maintaining seed mucilage adherence. The massive induction of cell wall-related metabolic pathways over the course of SCE cells differentiation makes it an attractive system for the study of the mechanism employed in cell wall deposition. Additionally, the presence of both primary and secondary cell wall within a single-cell type provides a major advantage for the evaluation of the complex network of polymer interactions required to maintain cell wall properties in different developmental contexts (Western et al., 2000; Macquet et al., 2007a) .
In previous work, we have shown that COBL2, a member of the COBRA-LIKE gene family, plays a role in maintaining seed mucilage ray formation, mucilage adherence and crystalline cellulose deposition into the columella and the radial cell walls of the SCE (Ben-Tov et al., 2015) . cobl2 is part of an emerging class of seed mucilage mutants, characterized by redistribution of the pectic component of seed mucilage between the inner and the outer mucilage layers. This class includes mutants affecting:
(i) cellulose synthesis, like cellulose synthase a 5 (cesa5) (Harpaz-Saad et al., 2011; Mendu et al., 2011; Sullivan et al., 2011) ; (ii) synthesis and branching of the hemicelluloses: a glucomannan, like cellulose synthase-like a 2 (csla2) and mucilage-related 10/galactosyltransferase-like 6 (muci10/galt6) (Yu et al., 2014; Voiniciuc et al., 2015c) , b xylan, like irregular xylem 14 (irx14) and mucilagerelated 21/mucilage mutant 5 (muci21/mum5) (Voiniciuc et al., 2015c; Hu et al., 2016; Ralet et al., 2016) ; (iii) integral or secreted proteins maintaining mucilage adherence through an unknown mechanism, like fei2 and salt-overly-sensitive 5/fasciclin-like 4 (sos5/fla4) (Harpaz-Saad et al., 2011; Griffiths et al., 2014 Griffiths et al., , 2016 Basu et al., 2016) . The effect of these diverse mutants on the architecture and adherence of seed mucilage presents a valuable tool box for the study of the interactions required to maintain cell wall properties.
The mechanism of COBL protein function is yet to be elucidated. However, various COBL family members were previously shown to be required for cell wall deposition in different developmental contexts. Mutations in cobra (cob) yield reduced levels of crystalline cellulose and disorganized deposition of cellulose microfibrils leading to short and swollen roots (Benfey et al., 1993; Schindelman et al., 2001; Roudier et al., 2005) . Other characterized COBL family members have been assigned similar functions in different developmental contexts: COBL9, in root hair elongation (Parker et al., 2000; Ringli et al., 2005; Jones et al., 2006) , COBL10 and 11 in pollen tube elongation through the transmitting tract (Li et al., 2013) , and COBL4 in xylem cells differentiation (Li et al., 2003; Brown et al., 2005; Persson et al., 2005; Ching et al., 2006; Sato et al., 2010; Dai et al., 2011; Liu et al., 2013) . Of the 11 COBL family members, six remain functionally uncharacterized. Despite accumulating evidence of the profound effect of various COBL proteins on crystalline cellulose deposition, their mechanism of action remains unknown.
In this work, a comprehensive correlative phenotyping methodology was developed in order to investigate the genetic interaction between cobl2 and other components regulating seed mucilage ray formation and mucilage adherence. Examination of cobl2 ray architecture using 3D-renderings obtained by confocal microscopy suggests that, unlike in the cesa5 mutant, in cobl2 the ray structure seems to 'unravel' suggesting a distinct effect on the assembly of the cell wall polymer-network, required to maintain ray morphology and associated mucilage column. Biochemical characterization of the effect of the cobl2 mutation on seed mucilage monosaccharide composition reveals complex changes including up-regulation of arabinose and galactose levels in the adherent mucilage, which is additionally supported by glycosyl-linkage analysis. Genetic interactions between cobl2 and other mucilage adherence mutants suggests a complex mechanism maintained by various independent pathways.
RESULTS
Comprehensive phenotyping reveals a complex, nonadditive phenotype for cobl2cesa5 in seed mucilage-ray architecture and mucilage adherence
The cellulose deposited into the rays radiating the seed upon mucilage extrusion plays an important role in anchoring the pectic component of seed mucilage to the seed surface. Both cobl2 and cesa5 seeds are characterized by reduced cellulose levels, malformed rays and mal-partitioning of the pectic component of seed mucilage between the adherent and the non-adherent layer (Figure 1 ; HarpazSaad et al., 2011; Mendu et al., 2011; Sullivan et al., 2011; Ben-Tov et al., 2015) . Expression of COBL2 under the control of the 35S promoter results in recovery of cellulosic ray formation and the crystalline cellulose deposition in the columella, providing further evidence for the essential role of COBL2 in cellulose deposition in seed coat mucilage (Figure S1 ). In order to further investigate COBL2 function, we generated a double mutant of cobl2cesa5. To effectively evaluate seed mucilage ray morphology, seeds of the indicated genotypes were sequentially stained with Calcofluor White (for b-glucans staining) and propidium iodide (for demarcation of seed surface) and observed using 3D-renderings of 100 lm and 26 lm z-stacks obtained by confocal microscopy ( Figure 1a and 1b, respectively). Staining reveals that cobl2 and cesa5 are characterized by similar, yet distinct aberrant cellulosic ray morphology. As previously described, both cobl2 and cesa5 exhibit significant reduction in seed mucilage-ray length when compared with wild-type ( Figure 1a, b, g ). However, while the rays of the cesa5 mutant remain relatively well organized in a linear array resembling the wild-type rays, those of cobl2 appear to partially 'unravel' as they emerge above the tip of the columella (Figure 1b) . In fact, quantification of the average ray length, as measured from the confocal microscope images, reveals that the cobl2 rays are significantly shorter as compared with those of cesa5 (Figure 1 g ). Moreover, while in wild-type and cesa5, rupture of the tangential cell wall results in an organized 'pyramidal' arrangement of the primary cell wall remnants (attached to the tip of the columella), in cobl2 primary cell wall remnants organization is less prominent, losing the 'pyramidal' structure ( Figure 1b) . The double mutant cobl2cesa5 display a complex phenotype. While the ray structure in the double mutant, cobl2ce-sa5, resembles that of cobl2 (Figure 1a, b) , quantification of the average ray length suggests additive reduction in ray length ( Figure 1g ) and further loss of 'pyramidal' primary cell wall remnant structure as compared with cobl2 and cesa5 (Figure 1) .
In order to test the effect of the cobl2cesa5 interaction on seed mucilage adherence, mucilage pectins where stained with Ruthenium red and the area and staining intensity of the adherent mucilage layer were quantified in the different genetic backgrounds. The Ruthenium red stain was conducted following seed imbibition in either 10 mM Tris-buffered double-distilled water (to maintain stable pH 7.6) or in 0.5 M ethylene diamine tetraacetic acid (EDTA) (pH 8). EDTA is a divalent-ion chelator revealing additional properties of the pectin network as it disrupts the Ca 2+ mediated interactions between HG molecules, loosening the pectin layer, and allowing for enhanced binding of the positively charged Ruthenium red dye to the acidic-pectins. Ruthenium red staining of seed mucilage following imbibition in Tris-buffered water reveals a similar reduction in the adherent mucilage layer in cesa5, cobl2, and cobl2cesa5 as compared with wild-type (Figure S2) . However, upon examination of the Ruthenium red-stained adherent mucilage following EDTA treatment, the adherent mucilage of cobl2 was depleted compared with that of cesa5. Examination of the double mutant suggests additional reduction in stained mucilage area compared with both cobl2 and cesa5 (Figure 1c ). Yet, quantification of average Ruthenium red-stained mucilage area following EDTA treatment (as described in Figure S3 ) demonstrates significant reduction in cobl2 and cobl2cesa5 compared with that of cesa5, while the double mutant resembles cobl2 (Figure 1c and d) . Interestingly, quantification of the average Ruthenium red staining intensity (as detailed in Figure S4 ), indicated reduced staining intensity for the cobl2cesa5 double mutant, as compared with either of the single mutants and the wild-type, further suggesting a complex interaction between the two cellulose-related genes (Figure 1c , e). These results suggest that cobl2 and cesa5 additively effect the adherent layer of seed mucilage, either due to reduced pectin levels or as a result of altered ability of the Ruthenium red to stain the mucilage, perhaps due to additive effect on seed mucilage composition.
The effect of cobl2 and cesa5 on seed mucilage composition It was previously shown, that cobl2 displays significant reduction in whole seed crystalline cellulose levels (BenTov et al., 2015) . In order to further investigate the role of COBL2 we utilized the feasibility of seed mucilage extraction to determine the effect of cobl2 on seed mucilage composition. Monosaccharide analysis and Updegraff assay served as an additional tools for investigating the effect of the cobl2cesa5 double mutant on seed mucilage composition. Quantification of total sugars in the adherent versus non-adherent mucilage support previous observations demonstrating that cobl2 effect mucilage adherence and monosaccharide partitioning between the adherent and non-adherent layers of seed mucilage (Figure 2a ). Surprisingly, the data suggest no significant difference in totalsugar partitioning between cobl2, cesa5 and the cobl2cesa5 double mutant (Figure 2a ). This result gains additional support from the quantification of the monosaccharides rhamnose (Rha) and galacturonic acid (GalA) comprising the RGI backbone. Rha and GalA levels in the adherent mucilage layer demonstrate significant reduction in all mutants examined, as compared with the wild-type ( Figure 2b and Table 1 ). Yet, no significant difference in Rha and GalA levels was observed between cobl2, cesa5 and the double mutant ( Figure 2b and Table 1 ). Careful analysis of residual neutral sugars reveals a similar down-regulation in all mutants of about 50% (Table 1) . Interestingly, arabinose (Ara) and galactose (Gal) levels were higher in cobl2 and the cobl2cesa5 double mutant, as compared with wild-type ( Figure 2c and Table 1 ). The cobl2cesa5 double mutant seem to display higher Ara and Gal levels than either cesa5 or cobl2, further supporting a complex, non-additive interaction between cobl2 and cesa5 in regulating the deposition of the polysaccharide network comprising seed Figure 1 . The genetic interaction between cobl2 and cesa5 in seed mucilage.
(a-g) Seeds of the indicated genotypes were visualized using 3D-renderings confocal images following staining with Calcofluor White, for b-glucans (green) and propidium iodide (red; a, b), Ruthenium red stain following EDTA treatment (c) or using LCScope following water imbibition (f). Note that the rays of cobl2 and cobl2cesa5, marked with white arrow in panel (b), seem to 'unravel' as compared with the 'pyramidal' shaped rays of either cesa5 or wild-type seeds. The color-code index in (f) refers to the extent of polarized light retardance using the LC-PolScope: a high degree of retardance is indicative of high levels of crystalline cellulose in the light path (as designated in red) while low degree of retardance is indicative of lack of crystalline cellulose in the light path (as designated in black). Quantification of the area (d) and the intensity (e) of the Ruthenium red-stained adherent mucilage and ray length measured on the confocal images (g) was conducted using ImageJ.
(h) Whole seed cellulose content of the indicated genotypes was quantified using Updegraff assay. At least four biological replicates were imaged and quantified for each genotype (n > 4). Comparisons of all pairs using Tukey-Kramer HSD Ordered Difference Report shows significant difference between each genotype, indicated by letters (P < 0.05). Scale bars = 0.1 mm (a), 25 lm (b), 0.1 mm (c) and 10 lm (f); Error bars = standard error.
mucilage. Interestingly, the fei1fei2 interaction (further discussed in the following sections) with either cesa5 or cobl2, also displays significant increase in Ara and Gal ( Figure 2c ). In order to further corroborate this data, a glycosyl-linkage analysis was performed on total mucilage extracts (Table S1 ). The linkage analysis reveals that Ara and Gal are not only modified, but rather, the relative contribution of different linkages is altered. While cesa5 displays a mild tendency for an increase in t-Ara, a substantial increase was detected in both cobl2 and the double mutant (Table S1 ). This led to tendency for an increase in 3,5-linked arabinose; which once again was stronger in cobl2 and the double mutant than in cesa5 (Table S1 ). While these data point to less branched arabinose residues, in the case of galactose a similar decrease in all three mutants for terminal-galactose and 3,4-linked galactose could be detected which was compensated by an increase in 3,6-linked galactose (Table S1 ). Taken together these results indicate that there is likely to be a structural difference in the mucilage produced in cesa5 and cobl2 background contributing to the differences in mucilage organization.
The role of cobl2 and cesa5 in crystalline cellulose deposition into the columella
To further evaluate the genetic interaction between cobl2 and cesa5 in the context of SCE cells, in situ visualization of crystalline cellulose deposition into the columella was conducted using Liquid Crystal-Polarized light microscopy (LC-PolScope). The LC-PolScope enables in situ determination of cellulose microfibril orientation and crystalline cellulose content through its intrinsic ability to retard polarized light birefringence (Eder et al., 2010; Abraham and Elbaum, 2013) . In order to characterize the genetic interaction between cobl2 and cesa5 in the columella of single SCE cells, seeds of each genotype were sectioned by cryostat and imaged using the LC-PolScope ( Figure 1f ). While crystalline cellulose deposition in the columella of cesa5 is reduced compared with the wild-type seeds, cobl2 SCE cells display a significant reduction compared with cesa5 ( Figure 1f ; Ben-Tov et al., 2015) . Examination of the cobl2cesa5 interaction in this context reveals a near absence of crystalline cellulose in the columella in a similar manner to that observed for cobl2 ( Figure 1f ). These results are supported by a whole seed cellulose quantification through Updegraff assay suggesting a non-additive interaction, as cellulose levels in the cobl2cesa5 double mutant, resemble those of the cobl2 single mutant (Figure 1h) . It is noteworthy, that although the retardance of the polarized light appeared similar between cobl2 and cobl2cesa5, difficulties in producing high-quality cryostat sections of the cobl2cesa5 double mutant is suggestive of a reduction in structural integrity of the columella secondary cell wall, compared with either cobl2 or cesa5. Further studies will be required in order to define the effect of cobl2 and cesa5 on the mechanical properties of the secondary cell wall deposited into the columella.
The complex, non-additive phenotype of cobl2cesa5 does not result from functional redundancy or feedback response modulating expression of other CESA and COBL genes
In order to investigate the effect of the cobl2 mutation on cell wall composition and the complex nature of the (a-c) Seeds of the indicated genotypes were imbibed in water and the mucilage was sequentially extracted. The monosaccharide composition of each fraction, adherent versus non-adherent, was determined. Total sugars in the adherent versus non-adherent mucilage demonstrate that cobl2 effect mucilage adherence (a). Quantification of rhamnose (Rha) and galacturonic acid (GalA), comprising the RGI backbone, in the adherent mucilage layer display reduced levels in all mutants examined (b). Blow up of the quantification of minor-sugars in the adherent mucilage fraction (c). Four biological repeats for each genotype. Error bars indicate standard deviation. cobl2cesa5 interaction, we followed the expression of all CESA and COBL family members, as well as other seed mucilage-related genes (as detailed in File S1). nCounter NanoString analysis of gene expression was conducted on developing seeds harvested at 8, 10 and 12 days postanthesis (DPA, for cobl2 and wild-type) or 10 and 12 DPA (for cesa5 and cobl2cesa5; complete dataset is available on File S2). The nCounter NanoString technology utilizes hybridization of multiple color-coded probes in order to quantify multiple gene-transcript abundance in a single tube (Geiss et al., 2008) . Examination of COBL2 and CESA5 expression along the course of wild-type seed development confirmed induction of gene expression as part of seed maturation (Figure 3a, b) . Interestingly, when examined at the mutant background of either cobl2, cesa5 or the double mutant, no significant alteration in gene expression was observed for the other members of the CESA (Figures 3c and S5) or COBL (Figures 3d and S5 ) families as compared with the wild-type. Apart from an intriguing, yet mild reduction in IRX14 and FLA18 expression observed in cesa5 and cesa5cobl2 background, no other significant alterations in mucilage-related gene expression were observed (Files S2 and S3). These results, suggest that CESA gene expression is not altered in cobl2 or cobl2cesa5 double mutant and no functional redundancy contributes to the complex phenotype of the cesa5cobl2 interaction.
Genetic interaction suggest that COBL2 and FEI2 affect seed mucilage polysaccharide organization through independent pathways FEI2, a leucine-rich repeat receptor-like kinase of unknown function, has been implicated in cell wall deposition in seed mucilage and redundantly with FEI1 in elongating roots and dark-grown seedlings (Xu et al., 2008; HarpazSaad et al., 2011 HarpazSaad et al., , 2012 Basu et al., 2016; Griffiths et al., 2016) . Despite of its unknown function, the fei2 mutant display a most prominent effect on seed mucilage, resulting in a near complete absence of visible ray structures. Previous genetic interaction studies suggest that FEI1/FEI2 function in a linear pathway with SOS5/FLA4 and independently of CESA5 in the regulation of seed mucilage architecture (Griffiths et al., 2014 (Griffiths et al., , 2016 Basu et al., 2016) . However, no studies were so far conducted to investigate the role of COBL2 in this complex network regulating cell wall deposition and organization. Due to the close association between COBL2 and SOS5 on chromosome 3 we could not obtain the cobl2sos5 double mutant, however we did generate triple mutants of fei1fei2 with either cobl2 or cesa5. Staining with Calcofluor White and propidium iodide reveals two distinct characteristics of the fei1fei2 double mutant: (1) the complete absence of visible cellulosic rays; and (2) perturbation of primary cell wall rupture by the expanding mucilage, as evidenced by the highly disorganized primary cell wall remnants, often extending between multiple SCE cells or completely detached from the tip of the columella (Figure 4a, Harpaz-Saad et al., 2011; Griffiths et al., 2016) . While the cobl2 mutants display mild alteration in organization of the primary cell wall remnants, losing the wild-type-like 'pyramidal' shape, it is distinct from the phenotype observed for either fei1fei2 or wild-type seeds. As might be expected, ray morphology in cobl2fei1fei2 seeds was similar to that observed for fei1fei2 Figure 3 . nCounter NanoString analysis of COBL and CESA gene expression in the cobl2cesa5 interaction. Seeds of the indicated genotypes were harvested 8, 10 or 12 DPA and used for RNA extraction. nCounter NanoString technology was used to follow the expression of the indicated genes in four biological repeats. Expression level is indicated in normalized counts as calculated by the nSolver platform using GAPC, UBQ5, PDF1 and NARS1 as reference genes. Error bars indicate standard error.
suggesting fei1fei2 is epistatic to cobl2 in determining seed mucilage ray morphology (Figure 4a, b) . Similar results were observed for the cesa5fei1fei2 interaction (Figure 4a , b; Griffiths et al., 2016) . Interestingly, it appears that the rupture of the outer, primary cell wall in both triple mutants, cobl2fei1fei2 and cesa5fei1fei2, is slightly altered compared with fei1fei2, as it no longer extends between multiple SCE cells, but rather ruptured at the single-cell level (Figure 4) . In order to test whether pectinaceus mucilage adherence is in line with the apparently epistatic effect of fei1fei2 on seed mucilage ray morphology in cobl2 and cesa5 background, Ruthenium red staining and quantification was conducted as previously described. Ruthenium red staining following EDTA treatment (as previously described) demonstrates that both cobl2fei1fei2 and cesa5fei1fei2 display an additive effect on the area of the Ruthenium redstained adherent mucilage, as compared with each of the single mutants (Figures 4c and 5 ). The lack of correlation between the effect of the different genotypes on seed mucilage ray architecture and mucilage adherence suggests that multiple mechanisms are involved in the regulation of mucilage adherence, indicating that COBL2 and CESA5 affect mucilage adherence through ray dependent and independent mechanisms.
One of the most interesting features and greatest advantages of SCE cells is the ability to examine specialization in cell wall deposition in different contexts within a single cell (i.e. in the primary cell wall, in the columella and in the rays). Analysis of crystalline cellulose deposition into the columella of single SCE cells using the LC-PolScope reveals a near complete absence of crystalline material in cobl2 background, a smaller reduction in cesa5 and no reduction in fei1fei2, as compared with wild-type columella (Figure 4 ; Ben-Tov et al., 2015) . Even though FEI2 appears to dramatically impact cellulosic ray formation and cell wall remnants organization, the effect of fei1fei2 on columella morphology and crystalline cellulose content suggest a less prominent role in cell wall deposition in this context (Figure 4d ). While, in cobl2fei1fei2 crystalline cellulose levels at the columella resemble those of the cobl2 single mutant (Figure 4d ), the mild reduction in crystalline cellulose in columella of the cesa5 mutant provides a more suitable background to study the possible role of the FEIRLKs in this context. Interestingly, crystalline cellulose levels in the columella of cesa5fei1fei2 seeds, analyzed using the LC-PolScope, reveals substantial reduction in the retardance of polarized light birefringence compared with both fei1fei2 and cesa5 (Figure 4d ). These results are in line with previous study on the sos5cesa5 double mutant demonstrating additive effect on columella tip area, suggesting a role for the FEI-SOS pathway in the regulation of cell wall deposition in this context as well (Griffiths et al., 2014) . The additive effect of fei1fei2 and cesa5 on crystalline cellulose deposition in this context further supports an additional role for the FEI-RLKs in crystalline cellulose deposition in the columella, through a yet to be identified mechanism.
Unlike fei2, cobl2 fails to restore extruded mucilage expansion in mum2 background One of the most intriguing results presented by Griffiths and colleagues, was that sos5 suppress the appearance of the adherent mucilage layer, in mum2 background following base-induced mucilage extrusion (Griffiths et al., 2014) . The mum2 mutant, lacking the MUM2 beta-galactosidase, fails to rupture and extrude mucilage, unless treated with alkaline solution of sodium carbonate ( Figure 6 ; Dean et al., 2007; Macquet et al., 2007b; Arsovski et al., 2009; Griffiths et al., 2014) . Although the particular impact of this treatment on the properties of SCE cells remain unknown, it is thought that the sodium carbonate effects the degree of pectin crosslinking, increasing water absorbance and facilitating cell wall rupture and mucilage expansion in mum2 background. Unlike the sos5 mutant, cesa5 was unable to fully restore extruded mucilage area in the cesa5-mum2 double mutant, which exhibited only partial recovery of mucilage gel extrusion, suggesting that cesa5 and sos5 effect seed mucilage adherence through independent mechanisms (Griffiths et al., 2014) . In order to better define the mechanism employed by COBL2 and the FEI-RLKs in the regulation of mucilage adherence, genetic interaction between the seed mucilage extrusion mutant mum2 and either cobl2 or fei1fei2 was examined to test for possible suppression of the mum2 phenotype.
Visualization of cellulosic scaffolding (by Calcofluor White and Propidium Iodide; Figure 6a ) indicates complete epistasis of the mum2 mucilage extrusion phenotype in water treated seeds of fei1fei2mum2 and the cobl2-mum2 interaction, as evidenced by the complete absence of Calcofluor White green fluorescence, in a similar manner to that of mum2 (Figure 6a ). This is also supported by the apparent absence of cell wall remnants evident in Ruthenium red-stained seeds of cobl2mum2 and fei1fei2-mum2, following imbibition in Tris-buffered water (Figure S6) . Treatment with sodium carbonate facilitates mucilage extrusion in mum2 and all the mum2 interactions, as compared with Tris-treated water (Figure 6b) . Interestingly, mucilage columns in cobl2, following sodium carbonate treatment, are characterized by absence of cellulosic scaffolding in a manner reminiscent of fei1-fei2 (Figure 6b ). Similar to the results shown for sos5 (Griffiths et al., 2014) , fei1fei2 partially restores mum2 mucilage expansion following sodium carbonate treatment, resulting in significant increase in mucilage area compared with mum2 (Figures 6d and 7) . In contrast, quantification of average stained mucilage area reveals no significant difference between mum2 and cobl2mum2 with regard to mucilage expansion (Figures 6d and 7) . While this result alone may indicate an epistatic effect of mum2 in this context, the distinct alteration of cellulosic scaffolding visualized by the Calcofluor staining from that of the single-mutant phenotypes (Figure 6a-c) suggest complex polymer interactions facilitated by a number of extracellular proteins.
DISCUSSION

Correlative phenotyping as a method for high-resolution characterization of mucilage adherence mutants
In order to explore the effect of COBL2 on seed mucilage architecture and composition we developed a detailed correlative phenotyping approach, combining:
(i) Characterization of b-glucan scaffold of the seed mucilage ray-like structures and the associated mucilage Figure 5 . Quantification of Ruthenium red-stained mucilage area in the fei1fei2 interaction with either cobl2 or cesa5. Seeds of the indicated genotypes were stained with Ruthenium red for pectins following imbibition in EDTA and the area of the adherent mucilage was quantified using ImageJ for four biological repeats.
Comparisons of all pairs using Tukey-Kramer HSD Ordered Difference Report shows significant difference between each genotype, indicated by letters (P < 0.05). Error bars indicate standard error.
column through confocal microscopy of dual-stained seeds, using Calcofluor and propidium iodide; (ii) Examination of crystalline cellulose deposition into the adherent mucilage layer and the columella by in situ visualization of crystalline cellulose deposition using LC-PolScope, utilizing the intrinsic properties of crystalline cellulose in retarding the path of polarized light at the single-cell level; (iii) Examination of the adherent mucilage layer using FIJI ImageJ plugin for the quantification of Ruthenium redstained mucilage area (Voiniciuc et al., 2015c; Figure S2) and intensity ( Figure S3 ) on large number of seeds following treatment with water, the calcium chelator EDTA or alkali treatment with sodium carbonate; used to obtain robust and high-resolution characterization of the unique phenotype of each of the mutants examined; and (iv) Biochemical analysis of seed mucilage monosaccharide composition. Utilizing this methodology to examine the phenotype of cobl2 versus the most closely related mutant cesa5, we can observe some important differences:
(i) While both mutants display significant reduction in seed mucilage ray length, rays of cobl2 appear to partially 'unravel' losing the linear organization, possibly contributing to the significant reduction in ray length compared with that of cesa5 ( Figure 1b) ; (ii) Remnants of the ruptured outer, primary cell wall in cobl2 mutants lose the well organized 'pyramidal' shape characteristic of both wild-type and cesa5 ( Figure 1b) ; (iii) Visualization of crystalline cellulose in situ using LCPolScope demonstrate that crystalline cellulose deposition into the columella and the set of rays radiating the seed is significantly reduced in cobl2 compared with cesa5 (Figure 1f ; Ben-Tov et al., 2015); (iv) The adherent mucilage area, visualized by the Ruthenium red cationic dye for pectins, is significantly reduced in cobl2 compared with cesa5, recalling the increased severity of ray malformation and crystalline cellulose deposition; (v) In certain cases, like in the double mutant cobl2cesa5, measurement of adherent mucilage staining intensity may reflect unique features of the observed phenotype that are overlooked by measurements of adherent mucilage area, ray length etc.; and (vi) Biochemical analysis suggest that cobl2 adherent mucilage contain higher amounts of arabinose and galactose, as compared with both wild-type and cesa5 mutant ( Figure 2 and Table 1 ). While the data presented provides additional evidence for the role of CESA5 in cellulose synthesis required for mucilage adherence, the unique effect of cobl2 on the columella, ray structure and tangential cell wall remnants appearance following mucilage extrusion, suggests a specialized function for COBL2 in maintaining proper cellulose deposition (also discussed in the following section). This work therefore expands the toolbox available for highresolution phenotyping of seed mucilage mutants providing an effective method for differentiation of highly similar perturbations in seed coat mucilage adherence.
Evidence for a complex non-additive genetic interaction between COBLs and CESAs
CESA5 functions non-redundantly in cellulose synthesis into the central ray-like structures, making cellulosic ray formation an ideal context for the study of the relationships between COBL and CESA protein function. Evidence from multiple studies of cobl mutants in different plant species and developmental contexts support a role for the COBL protein family in organization of cellulose microfibrils (Schindelman et al., 2001; Brady et al., 2007; Liu et al., 2013) . It can be reasoned that if COBL proteins function in the organization of cellulose microfibrils, downstream of cellulose synthesis by the CESA-complex, an epistatic relationship might be expected in the genetic interaction between COBLs and CESAs, for instance, in the genetic interaction between cobl2 and cesa5, in the context of cellulosic ray formation and seed mucilage adherence. However, while both mutants are characterized by similar cellulose-related phenotypes, evidence from the detailed correlative phenotyping conducted in this study reveals a complex, non-additive effect lacking properties of classic epistasis. Quantification of Calcofluor White-stained ray length in cobl2cesa5 reveals a~68% reduction in the double mutant compared with wild-type, while cobl2 exhibits 48% reduction and cesa5, a~34% reduction, suggesting an additive effect on ray length (Figure 1 ). This is not reflected in the area of the Ruthenium red-stained adherent mucilage; which is indistinguishable between cobl2cesa5 and cobl2. Nevertheless, additive reduction in the intensity of Ruthenium red pectin staining in mucilage of the cobl2cesa5 seeds, compared with either cobl2 or cesa5, suggests an alteration in mucilage organization or composition that may impact the binding capacity of the cationic dye Ruthenium red. Detailed biochemical analysis of seed mucilage composition in cobl2 versus cesa5 and the double mutant reveals an unexpected increase in arabinose and galactose, as well as a shift in the linkages of these two sugars, in cobl2 and cobl2cesa5 adherent mucilage. The shifts in the linkages observed for these sugars indicate a complex rearrangement of the pectic matrix, potentially involving arabinogalactan proteins (AGPs). While ray length measurements suggest an additive phenotype in the cobl2cesa5 double mutant, Cellulose deposition into the columella of cobl2cesa5 seeds, imaged in situ using LC-PolScope, reveals absence of polarized light birefringence, similar to that observed for cobl2. This result is further supported by whole seed cellulose quantification using Updegraff assay. Unlike the context of cellulosic rays formation, cellulose synthesis in the columella is maintained by a number of functionally redundant CESA proteins, along with CESA5 (Griffiths et al., 2015; Mendu et al., 2011; Stork et al., 2010) . Although functional redundancy with other CESAs may mask the severity of CESA5 perturbation in this context, the complex, non-additive phenotype of the cobl2cesa5 columella, suggest a distinct role for COBL2 in cellulose organization. Additionally, examination of CESA and COBL gene expression suggests that feedback loops affecting possible partially redundant family members does not explain the resulting complexity of the cobl2cesa5 phenotype. The relationship between COBL and CESA gene expression was previously investigated by Liu and colleagues during cell wall deposition in rice xylem. While the brittle culm1 (bc1) mutation, in the COBL4 ortholog, did not alter the expression and protein Figure 7 . Quantification of Ruthenium red-stained mucilage area in the mum2 interaction with either cobl2 or fei1fei2. Seeds of the indicated genotypes were stained with Ruthenium red for pectins following imbibition in EDTA and the area of the adherent mucilage was quantified using ImageJ for four biological repeats. Comparisons of all pairs using Tukey-Kramer HSD Ordered Difference Report shows significant difference between each genotype, indicated by letters (P < 0.05). Error bars indicate standard error. levels of the examined CESAs, mutation in either Oscesa7 or Oscesa9 led to reduction in BC1 gene expression and protein levels (Liu et al., 2013) . Possible explanations for the difference between these two studies, might be: i) That the tight coexpression relationship observed for BC1 and the corresponding CESAs in the context of xylem differentiation does not exist between COBL2 and the corresponding CESAs involved in cell wall deposition in the context of the Arabidopsis seed; and ii) That, as previously shown cell wall deposition in the seed is conducted by specialized components involved in cell wall deposition in different sub-seed contexts like, seed mucilage, the columella, the embryo etc. Therefore, monitoring gene expression at the whole seed level may mask highly specific coexpression relationship between different COBL and CESAs within sub-seed contexts. An appealing hypothesis would be that as a result of modification in pectin composition the network of polysaccharides required for proper ray structure formation is malformed, leading to 'unraveled' ray structure and as a result -reduced ray length. In this case it will suggest a role for other components of the cell wall matrix, rather than cellulose solely, in dictating ray architecture. This hypothesis is further supported by the correlative phenotyping of fei1fei2, in which the ray structures are completely absent even though cellulose levels in the adherent mucilage seem to be unaltered (Figure 4 ; Harpaz-Saad et al., 2011; Griffiths et al., 2016) . While this evidence provides additional hints at function, further analysis is required in order to determine the precise role of COBL2, and other COBLs, in cell wall synthesis and deposition.
Genetic interactions suggest that FEI-SOS function independently of COBL2 and CESA5 fei1fei2 mutants are characterized by reduction in anisotropic cell expansion during root elongation and mal-partitioning of the pectic component of seed mucilage (Shi et al., 2003; Xu et al., 2008; Harpaz-Saad et al., 2011 Basu et al., 2016; Griffiths et al., 2016) . According to the pattern of root elongation in fei1fei2sos5 grown on high sucrose media, it was suggested that the FEI-RLKs function in a linear pathway with SOS5 during cell wall deposition in elongating roots (Xu et al., 2008) . In recent work, Basu and colleagues expand this observation and suggested that the two AGP-specific glycosyltransferases, GALT2 and GALT5 function in a linear pathway with FEI-SOS5 in both primary root elongation and seed mucilage adherence (Basu et al., 2016) . Analysis of the genetic interaction cobl2fei1fei2 reveals a complex additive effect on mucilage adherence, combining features of both cobl2 and fei1fei2, suggesting the function of independent pathways. These results are consistent with work by Xu and colleagues, demonstrating an additive effect for the fei1fei2cob interaction on primary and lateral root elongation (Xu et al., 2008) . In both cases, the genetic interaction between the FEI-RLKs and the COBL family members reveal distinct effects on cell wall deposition. Similarly, an additive effect was observed for the ceas5fei1fei2 interaction, recently described by (Griffiths et al., 2016) , consistent with the previously described additive character of the cesa6 prc1 fei1fei2
triple mutant in root elongation (Xu et al., 2008) . These results are interesting as they suggest common features between primary cell wall deposition during root elongation and secondary cell wall deposition employed during SCE cells differentiation. In SCE cells, cell wall deposition occurs in a single-cell type as opposed to a complex tissue, such as the primary root, facilitating increased resolution of mutant phenotyping, revealing aspects otherwise masked by tissue dynamics. Altogether these results support and extend previous observations suggesting that CESA5 and COBL2 function independently of the FEI-SOS5 pathway.
Dynamic polymer interactions are required for hygroscopic properties required to maintain mucilage adherence
How cellulose microfibrils interact with other cell wall polymers, like hemicellulose and pectins, to determine mucilage architecture and hygroscopic characteristics is a central question in understanding the dynamics regulating cell wall mechanical properties. Ample evidence for a role of such interactions is provided by examination of the mum5/muci21 and irx14 mutants of a putative hemicellulose-related glycosyltransferases responsible for synthesis of the hemicellulose branched xylan polymers in MSCs (Ren et al., 2014; Voiniciuc et al., 2015a; Ralet et al., 2016) . Interestingly, both mutants are characterized by similar cellulose-related phenotypes, like: malformed rays and reduced mucilage adherence, resembling specific aspects of the phenotype described for cobl2 and cesa5; and notably, exhibit significant reductions in whole seed crystalline cellulose levels. The mechanism employed by COBL2 and other proteins effecting cellulose deposition like IRX14, MUCI21 and others still awaits further discovery. Elucidation of the complex relationship between different components involved in cell wall synthesis and deposition will set the stage towards uncovering the modifications responsible for the unique features of the plant cell wall in different developmental contexts.
EXPERIMENTAL PROCEDURES Plant material
The Columbia (Col-0) ecotype of Arabidopsis thaliana was utilized in this study. The cobl2-1 allele SALK_044883 (Ben-Tov et al., 2015) , cob-1 (Schindelman et al., 2001) , sos5-2 (SALK_125874) and cesa5 mutant (SALK_118491) were obtained from the Arabidopsis Biological Resource Center (Alonso et al., 2003) . The mum2 (mum2-1) allele was obtained from George Haughn's laboratory (Griffiths et al., 2014 
Generating genetic interactions
Homozygous loss-of-function plants were crossed. Heterozygous F1s, were selfed and F2s screened for double and triple homozygous mutants, respectively, using genotyping primers for the relevant T-DNA insertion/SNPs. Selected lines were allowed to self and investigated using correlative phenotyping of various properties of seed coat mucilage. List of sequences for genotyping primers are described in Table S2 .
Calcofluor white stain for b-glucans
Mature, dry seeds were washed twice with water buffered with 10 mM Tris. The Calcofluor stain was conducted as previously described (Willats et al., 2001 ) using 25 lg ml À1 fluorescent brightener 28 (Sigma, St Louis, MO) for 20 min at room temperature. Seeds were washed for 2 h in water and imaged with confocal microscope (Leica). In cases of pre-treatment of seeds prior to staining, seeds were pre-hydrated in distilled water buffered with 10 mM Tris or 50 mM EDTA for 2 h with gentle shaking or in 1 M Na 2 CO 3 for 20 min followed by dilution to 100 mM Na 2 CO 3 for 2 h and washed twice with water buffered with 10 mM Tris prior to staining with Calcofluor as described above. Observations were conducted with either Leica compound, dissection scope, or with Zeiss LSM710 confocal microscope equipped with a 405 nm laser diode for Calcofluor and a 561 nm laser for propidium iodide. 3D images of z-stacks were rendered using FIJI (ImageJ) package at maximum intensity.
Propidium iodide staining
Mature, dry seeds were first stained with Calcofluor White and then stained in 50 lg ml À1 propidium iodide for 90 sec with gentle shaking. Observations were conducted with either Leica compound, dissection scope, or Zeiss LSM710 confocal microscope equipped with a 405 nm laser diode for Calcofluor and a 561 nm laser propidium iodide.
Quantification of cellulosic ray length
Images of Calcofluor White and PI-stained seeds viewed with confocal microscope were processed with FIJI (ImageJ) package. Ten rays on each seed were traced with the straight tool and measured using Analyze toolbar for average length. Average ray length was calculated and evaluation of statistical significance was conducted using JMP program by Tukey-Kramer honest significant difference (HSD) (P < 0.05).
Ruthenium red stain for pectins
Mature, dry seeds were first pre-hydrated in distilled water buffered with 10 mM Tris or 50 mM EDTA for 2 h with gentle shaking or in 1 M Na 2 CO 3 for 20 min followed by dilution to 100 mM Na 2 CO 3 and 2 h incubation. Pre-hydrated seeds were washed twice with water buffered with 10 mM Tris and incubated in 0.01% w/v Ruthenium red (Sigma-Aldrich, St Louis, MO, USA) for 30 min at room temperature with mild shaking (Willats et al., 2001) . Imaging was done using binocular light microscope (Nikon). Images were processed with FIJI (ImageJ) package and formatted using Photoshop suite (Adobe).
Quantification of mucilage area
Ruthenium red-stained mucilage area was quantified using FIJI (ImageJ) as described in (Voiniciuc et al., 2015c) Regions of interest (ROIs) were segmented using RGB Colour Thresholding (minmax) parameters, calibrated for Ruthenium red (Technical Grade Sigma-Aldrich R2751-1G), for Seed + Mucilage (Red: 0-255, Green: 0-180, Blue: 0-255) and Seed (Red: 0-190, Green: 0-255, Blue: 0-100). Areas for ROIs were measured using the Analyze Particles function. Mucilage area was obtained by subtracting Seed area from Seed + Mucilage. Evaluation of statistical significance was conducted using JMP program by Tukey-Kramer HSD (P < 0.05).
Color deconvolution and calculation of Ruthenium red stain intensity Ruthenium red stain intensity was measured with FIJI (ImageJ) package Color Deconvolution by ROI. Parameters were determined by selecting ROIs, Colour_1 from seed, Colour_2 from stained mucilage and Colour_3 from the background. Regions within mucilage halos of seeds were selected in the Colour_2 images and mean intensity values calculated for 30 seeds from two biological repeats of each genotype. Intensity values were converted to Optical Density (OD) by the formula OD = log (max intensity/mean intensity); Max intensity for 8-bit image = 255. Statistical significant was evaluated by Tukey-Kramer HSD (P < 0.05) using JMP platform.
Polarized light microscopy (LC-PolScope)
Sample birefringence was investigated using LC-PolScope image processing system (CRi, Inc., Woburn, MA, USA) mounted on a microscope (Nikon Eclipse 80i, Tokyo, Japan) equipped with Plan Fluor 910/0.3 OFN25 DIC L/N1, Plan Fluor 920/0.5 OFN25 DIC N2, Plan Fluor 940/0.75 OFN25 DIC M/N2, Fluor 960/100w DIC H/N2 ∞/0 WD 2.0 objectives. The system includes a computer-controlled universal compensator composed of two liquid crystal variable retarders. Images were taken by a cooled charge coupled device (CCD) camera at high optical resolution. For whole seed imaging, the~25 complete seeds were imbibed in water for 1 h and mounted in water on a glass slide. For section imaging, the wet seeds were embedded in tissue freezing medium (TFM), frozen and sectioned at 10 lm thickness (Leica CM1850 Cryostat, Germany). The sections were mounted on glass slides, wetted and sealed to prevent water evaporation.
Mucilage monosaccharide composition
Mucilage was analyzed as previously described (Voiniciuc et al., 2015a and http://www.bio-protocol.org/e1802). In brief, seeds were mixed in 1 ml of water, spiked with ribose as internal standard and shaken gently to extract non-adherent mucilage. The same seeds were then extracted using a ball mill (Retsch MM400) for 15 min at 30 Hz to extract adherent mucilage. For total mucilage extraction, the seeds were directly extracted in a ball mill. In all cases the seeds were allowed to settle, and the supernatant was transferred to a new tube, dried, and then hydrolyzed using 2 M trifluoroacetic acid for 90 min. After evaporating the trifluoroacetic acid, monosaccharides were resuspended in water and were quantified by high-performance anion-exchange chromatography with pulsed amperometric detection using a Dionex system equipped with a CarboPac PA20 column and GP50, ED50, and AS50 modules.
For linkage analysis mucilage samples were acidified, and uronic acids were reduced to their respective 6,6-dideuterio derivatives (Gibauet and Carpita, 1991) . Afterwards, the samples were dialyzed against water, lyophilized, and solubilized in anhydrous dimethyl sulfoxide. Afterwards polysaccharides were methylated (Gille et al., 2009) , hydrolyzed, and finally derivatized to the corresponding alditol acetates. The alditol acetates were analyzed by gas chromatography-mass spectrometry (Foster et al., 2010) , using sodium borodeuteride as reductant. Polysaccharide composition was calculated as described previously (Pettolino et al., 2012) , with minor modifications (Voiniciuc et al., 2015a) . Data were analyzed in R using a one-way ANOVA and groups based on Tukey's HSDs were determined using the agricolae package.
RNA extraction and NanoString nCounter gene expression analysis
Flowers were marked at anthesis and developing seeds were harvested from the siliques 8, 10 or 12 DPA and subjected to total RNA extraction and cDNA synthesis (Ben-Tov et al., 2015) . The NanoString probes targeting the 10 CESA genes, 10 COB-like genes and additional seed mucilage-related genes (as detailed in File S1), and the control probes for GAPC (AT3G04120), UBQ5 (AT3G62250) NARS1 (AT3G15510) and PDF1 (AT2G42840), were designed and synthesized by NanoString Technologies (http:// www.nanostring.com). Count normalization was done using nSolver according to the nCounter Gene Expression Assay Manual (http://www.nanostring.com/uploads/Manual_Gene_Expression_ Assay.pdf/).
Cloning of COBL2
Genomic DNA was extracted from Arabidopsis Colombia accession and the genomic sequence of COBL2 was polymerase chain reaction (PCR) amplified with Phusion II (company) proofreading polymerase using primers containing restriction enzyme sites, XhoI and BamHI for cloning into pENTR-BLRP cloning vector, obtained from Lior Eshed-Williams laboratory. pENTR-BLRP:: COBL2 was transformed into competent E. coli and selected for positive transformants resistant to kanamycin antibiotic before complete sequencing. Using the Gateway System, COBL2 was cloned into the destination vector, pGWB5, containing plant hygromycin resistance and 2 9 35S promotor for constitutive eukaryotic expression, and transformed into Agrobacterium for infiltration of exogenous COBL2 to Arabidopsis inflorescences by floral dipping in the background of cobl2-1 mutant allele. Transgenic plants were identified on media containing hygromycin for selection.
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